)
Role of SLC12A10.2, a Na-Cl cotransporter-like protein, in a Cl uptake mechanism in zebrafish (Danio rerio) Ϫ from the lumen into DCT cells and plays a major role in the mammalian renal NaCl reabsorption. The NCC has also been reported in fish, but the functional role in fish ion regulation is yet unclear. The present study used zebrafish as an in vivo model to test the hypothesis of whether the NCC plays a role in Na ϩ and/or Cl Ϫ uptake mechanisms. Four NCCs were cloned, and only one of them, zebrafish (z) slc12a10.2 was found to predominately and specifically be expressed in gills. Double in situ hybridization/immunocytochemistry in zebrafish skin/gills demonstrated that the specific expression of zslc12a10.2 mRNA in a novel group of ionocytes differed from those of the previously-reported H ϩ -ATPase-rich (HR) cells and Na ϩ -K ϩ -ATPase-rich (NaR) cells. Gill mRNA expression of zslc12a10.2 was induced by a low-Cl environment that stimulated fish Cl Ϫ influx, while a low-Na environment suppressed this expression. Incubation with metolazone, a specific inhibitor of the NCC, impaired both Na ϩ and Cl Ϫ influx in 5-day postfertilization (dpf) zebrafish embryos. Translational knockdown of zslc12a10.2 with a specific morpholino caused significant decreases in both Cl Ϫ influx and Cl Ϫ content of 5-dpf zebrafish embryos, suggesting that the operation of zNCC-like 2 results in a net uptake of Cl Ϫ in zebrafish. On the contrary, zslc12a10.2 morphants showed increased Na ϩ influx and content that resulted from upregulation of mRNA expressions of Na ϩ -H ϩ exchanger 3b and carbonic anhydrase 15a in HR cells. These results for the first time provide in vivo molecular physiological evidence for the possible role of the NCC in the Cl Ϫ uptake mechanism in zebrafish skin/gills. ionocytes; embryo; ion regulation; skin; gills RENFRO (36) found that the flounder's urinary bladder transported Na ϩ and Cl Ϫ via an electroneutral pathway, for the first time providing evidence of the existence of a Na-Cl cotransporter (NCC). The NCC, a thiazide-sensitive membrane protein, is specifically expressed in the apical membranes of mammalian distal convoluted tubules (DCTs) and is responsible for salt reabsorption in DCTs. In mammalian kidneys, DCTs reabsorb 5%-10% of the total filtered Na ϩ and Cl Ϫ in normal situations (35) . The NCC is one of the major pathways of apical Na ϩ transport in DCT cells (34, 42) . In DCT cells, Na ϩ transport is luminal Cl Ϫ concentration dependent, and Cl Ϫ transport is luminal Na ϩ concentration dependent, indicating coupling of Na ϩ and Cl Ϫ transport in DCT cells (39) . Besides the NCC, amiloride-sensitive Na ϩ channels are also responsible for apical Na ϩ uptake in DCT cells (12) . The Na ϩ -K ϩ -ATPase and electrogenic Na ϩ -HCO 3 Ϫ cotransporter (NBC) was proposed to be responsible for the basolateral exit of Na ϩ from DCT cells (38) . On the other hand, a Cl Ϫ channel, CLC-K2, and a K ϩ -Cl Ϫ cotransporter, KCC1, were suggested to perform the mechanisms of basolateral Cl Ϫ exit (13, 25, 38) . So far, molecular physiological studies on the NCC have mostly been in vitro and were conducted only in rats. Confirming the functional role of the NCC in Na ϩ -Cl Ϫ uptake mechanisms requires more studies.
In a hypotonic freshwater (FW) environment, teleosts have to actively absorb ions from FW mainly via gills to maintain the homeostasis of their body fluids, and mitochondrion-rich (MR) cells in fish gills have been indicated as being the site responsible for the active transport of ions (9, 20) . Although still being debated, two pathways of the apical Na ϩ uptake in fish gill cells have been proposed: an apical V-type of H ϩ -ATPase electrically linked with Na ϩ absorption via the epithelial Na ϩ channel, and an electroneutral exchange of Na ϩ and H ϩ via an apical Na ϩ /H ϩ exchanger (NHE) (9, 20) . Recently, with the use of zebrafish (Danio rerio) as a model, Na ϩ uptake was demonstrated to be achieved by apical H ϩ -ATPase, NHE3b, carbonic anhydrase (CA) 2-like a, and CA15a in a specific type of ionocyte, H ϩ -ATPase-rich (HR) cells (18, 27, 41) . Studies on Cl Ϫ uptake mechanisms in fish largely remain unclear. A central model has been proposed in which the absorption of Cl Ϫ is linked with the secretion of HCO 3 Ϫ via apical anion exchangers (9, 20, 37) . Both the anion exchanger (AE1, also called band 3) and pendrin (SLC26A4) have been proposed as being candidates for this Cl Ϫ uptake mechanism (33, 37), but there is no convincing physiological evidence to support this (20) . Recently, an antibody against human Na (28) ] was used to show apical immunoreactivity in gill/skin ionocytes of FWadapted tilapia (Oreochromis mossambicus), which was suggested to be associated with Na ϩ /Cl Ϫ uptake (16, 40) . By immunoscreening with the T4 antibody, not NKCC but NCC was cloned from tilapia gills (17) . However, T4 antibodies may recognize other members of the solute carrier (SLC) family 12 because of their low specificity (28) . This raised the possibility that the NCC might be involved in a Na ϩ -Cl Ϫ uptake mechanism. Furthermore, Hiroi et al. (17) raised an NCC-specific antibody to localize NCC signals in apical membrane of a group of ionocytes in tilapia embryonic skin and found that NCC mRNA expression was stimulated by a low-salinity environment, such as FW or deionized FW (17, 21) . However, there is still no convincing molecular physiological evidence to demonstrate whether the NCC is involved in Cl Ϫ and/or Na ϩ uptake functions. The purpose of the present study was to use zebrafish as a model to test whether the hypothesis that NCC plays a role in Cl Ϫ and/or Na ϩ uptake mechanisms in FW fish. The zebrafish was selected because of its advantages of a plentiful genetic database and the applicability of various molecular/cellular physiological approaches. The specific aims were to clone and sequence full-length cDNAs of NCC genes from zebrafish (zNCC), and to examine NCC expression patterns in various tissues of zebrafish and in embryos at different developmental stages, cellular localization of the NCC, effects of environmental Na ϩ /Cl Ϫ concentrations on the gill NCC expression, effects of an NCC inhibitor on Na ϩ /Cl Ϫ influxes, as well as effects of translational knockdown of the NCC on Na ϩ /Cl Ϫ influxes and contents in zebrafish.
MATERIALS AND METHODS
Experimental animals. The AB strain of zebrafish was obtained from stocks of the Institute of Cellular and Organismic Biology, Academia Sinica. Fish were kept in local tap water (normal FW) with a circulating system at 28.5°C under a 14:10-h light-dark photoperiod. Fish were fed artificially bred brine shrimp. The experimental protocols were approved by the Academia Sinica Institutional Animal Care and Utilization Committee (approval no. RFiZOOHP2007040).
Acclimation experiment. High-Na ϩ (10 mM), low-Na ϩ (0.04 mM), high-Cl Ϫ (10 mM), and low-Cl Ϫ (0.04 mM) artificial fresh waters were prepared with double-deionized water (Milli-RO60; Millipore, Temecula, CA) supplemented with adequate CaSO 4 ⅐2H2O, MgSO4⅐7H2O, NaCl, Na2SO4, K2HPO4, and KH2PO4 (Table 1 ). Zebrafish were acclimated to different artificial waters of high-Na ϩ /high-Cl Ϫ , high-Na ϩ /lowCl Ϫ , and low-Na ϩ /low-Cl Ϫ for 2 wk, and the artificial waters were replaced every 2 days to keep the ion concentrations and pH stable.
Preparation of total RNA. Appropriate amounts of zebrafish tissues were collected and soaked in Trizol reagent (Invitrogen, Carlsbad, CA) for homogenization, and total RNA was then purified following the manufacturer's protocol. The amount of total RNA was determined by NanoDrop ND-1000 (Thermo Scientific, San Francisco, CA), and the RNA quality was checked by running electrophoresis in a RNA-denatured gel. Total RNA pellets were stored at Ϫ20°C.
Cloning of the zNCC isoforms. The mRNA was purified from total RNA of zebrafish tissues with a commercial kit (Oligitex; Qiagen, Hilden, Germany). The cDNA for cloning and rapid amplification of cDNA ends (RACE) was made using a SuperScript III reverse transcriptase kit (Invitrogen) and a Smart RACE cDNA amplification kit (Clontech, Mountain View, CA) following the manufacturer's protocol. For PCR amplification, 3 l of cDNA were used as a template in a 50-l final reaction volume containing 0.25 mM dNTP, 2.5 units Ex-Taq polymerase (Takara, Shiga, Japan), and 0.2 M of each primer. Primer sets were obtained from a bioinformatics method in Table 2 . The obtained PCR products were subcloned into a pGEM-T Easy vector (Promega, Madison, WI), and the amplicons were sequenced to confirm the PCR products. The specific primers of 5Ј and 3Ј RACE were designed from the partial sequences obtained from the PCR of the primer sets listed in Table 1 . The program used for the RACE PCR followed the manufacturer's protocol, and RACE PCR products were also subcloned into the pGEM-T Easy vector and were sequenced.
RT-PCR analysis. For cDNA synthesis, 5 g of total mRNA was reverse-transcribed in a final volume of 20 l containing 0.5 mM dNTPs, 2.5 M oligo(dT) 18 3 gene expressions in various organs and embryos of zebrafish were examined with RT-PCR. Total RNA samples were extracted from the blood, brain, gills, eyes, heart, intestines, kidneys, liver, muscles, spleen, ovaries, testes, and embryos of zebrafish. Samples were subjected to a RT-PCR analysis with the primer sets shown in Table 3 .
Quantitative real-time PCR. Real-time PCR was performed with an LightCycler real-time PCR system (Roche, Penzberg, Germany) in a final volume of 10 l, containing 5 l 2ϫ SYBR Green I Master (Roche Applied System), 300 nM of the primer pairs, and 20 -30 ng cDNA. The standard curve for each gene was checked in a linear range with RPL13a as an internal control. The primer sets for the real-time PCR are shown in Table 4 .
In situ hybridization. The cDNA fragment of zslc12a10.2 (1,539 bp, nt639 -2,162) was obtained by PCR and inserted into a pGEM-T easy vector (Promega). After the PCR with the T7 and SP6 primers, the products were, respectively, subjected to in vitro transcription with T7 and SP6 RNA polymerase (Roche). Dig-labeled RNA probes were examined with RNA gels to confirm the quality and concentration. Embryos (1, 2, 3, and 5 dpf) were fixed in 4% paraformaldehyde in a PBS solution at 4°C for 3 h. Samples were hybridized with the prepared probe in hybridization buffer overnight at 65°C. The second 
RACE, rapid amplification of cDNA ends; F, forward primer; R, reverse primer. 
day, samples were serially washed with 75% hybridization buffer from 25% to 100%, 2ϫ SSC, and finally with 100% DEPC-PBST for 10 min each at 65°C. Samples were washed with 0.2ϫ SSC buffer at 70°C overnight. The 3rd day, samples were washed eight times with DEPC-PBST blocking buffer at room temperature for 15 min each. Staining buffer [0.1 M Tris (pH 9.5), 50 mM MgCl 2, 0.1 M NaCl, and 0.1% Tween-20] was subsequently used three times at room temperature for 5 min each. A mixture of NBT (100 mg/ml) and BCIP (50 mg/ml) in 10 ml of staining buffer was used for staining at room temperature for 10 min to several hours (depending on the gene) in the dark. The reaction was stopped with methanol and washed several times with DEPC-PBST. Finally, samples were fixed again with 4% paraformaldehyde for 20 min, washed twice with PBST for 5 min each, and then stored in PBS at 4°C in a dark box for further examination and analysis. Images were obtained with a stereomicroscope (model SZX-ILLD100; Olympus, Tokyo, Japan) or an upright microscope (Axioplan 2 Imaging; Carl Zeiss, Oberkochen, Germany). For double in situ hybridization/immunocytochemistry, the hybridized samples were further subjected to immunocytochemistry as described below.
Immunocytochemistry. Prepared embryos were rinsed in PBS and blocked with 30% BSA for 30 min. Afterward, embryos were first incubated with an ␣ 5-monoclonal antibody against the ␣-subunit of the avian Na ϩ -K ϩ -ATPase (1:300 dilution; Hybridoma Bank, University of Iowa, Ames, IA) overnight at 4°C. Embryos were then washed twice with PBS and incubated with an Alexa Fluor 568 goat anti-mouse immunoglobulin G (IgG) antibody (1:200 dilution with PBS; Molecular Probes, Invitrogen, Carlsbad, CA) 2 h at room temperature. After being washed with PBS twice, embryos were incubated again with a polyclonal antibody against the A subunit of killifish H ϩ -ATPase (1:300 dilution with PBS) (23) overnight at 4°C. Thereafter, the embryos were incubated with an Alexa Fluor 488 goat anti-rabbit IgG (1:200 dilution with PBS; Molecular Probes) for 2 h at room temperature. Images were acquired with a Leica TCS-SP5 confocal laser scanning microscope (Leica Lasertechnik, Heidelberg, Germany) or an upright microscope (Axioplan 2 Imaging; Carl Zeiss).
Morpholino knockdown and rescue. The morpholino-modified antisense oligonucleotide (MO; Open Biosystems, Huntsville, AL), 5Ј-TTGCCAAAATCAGCCTCTCCCATAT-3Ј, targeted ϩ74 to ϩ98 of the coding region of zebrafish slc12a10.2. Standard control oligonucleotides (5Ј-CCTCTTACCTCAGTTACAATTTATA-3Ј; Gene Tools, Philomath, OR) have no target and no significant biological activity and were used as the control MO. The MOs were resuspended in 1ϫ Danieau solution, stored at Ϫ20°C as a stock solution, and diluted before use in appropriate concentrations (1.0, 2.5, or 5.0 ng/embryo). For the rescue experiments, NCC capped mRNA (cRNA) constructs cloned in the pCS2ϩGFP XLT vector were linearized by ClaI and XhoI, and the cRNA was transcribed using an SP6 message RNA polymerase kit (Ambion, Austin, TX). The MO (2.5 ng/embryo) and/or cRNA (100 pg/embryo) were injected into embryos at the oneto four-cell stage using a gas-driven microinjection apparatus (ASI, Eugene, OR). After injection with the NCC morpholino and/or cRNA, embryos at 5 dpf were sampled to measure Cl Ϫ /Na ϩ influxes and contents. 24 Na ϩ . Zebrafish embryos were transferred to the tracer medium for a 4-h incubation. After incubation, embryos were washed several times in isotope-free FW. Twenty embryos were pooled as a sample and were analyzed for the absorbed 24 Na ϩ with a gamma counter (model B5002; Packard, Meriden, CT). For 36 Cl Ϫ , embryos were incubated in 200 l Solvable (Packard) at 50°C for 16 h, 1 ml scintillation cocktail (Hionic-Fluor, Packard) was added, and then embryos were analyzed with a beta counter (1211 Rackbeta; LKB, Turku, Finland). Unidirectional Cl Ϫ or Na ϩ influx was calculated using the following formula:
, Qembryo is the radioactivity of the embryo (cpm/individual) at the end of the incubation, X out is the specific activity of the incubation medium (cpm/pmol), and t is the incubation time (h).
For inhibitor experiments, 5-dpf embryos were incubated in FW containing 0.1% DMSO (control) and 10 Ϫ6 -10 Ϫ9 M metolazone (Wako Pure Chemical Industry, Osaka, Japan; dissolved in 0.1% DMSO), respectively, for 2 h, and were then transferred to tracer media containing the same concentrations of inhibitors as above for the subsequent ion flux measurements.
Whole body Na ϩ and Cl Ϫ contents. Ten zebrafish larvae were briefly rinsed in deionized water and then pooled as one sample. HNO 3 at 13.1 N was added to the samples for digestion at 60°C overnight. Digested solutions were diluted with double-deionized water, and the total Na ϩ content was measured with an atomic absorption spectrophotometer (model Z-8,000; Hitachi, Tokyo, Japan). For Cl Ϫ content measurements, samples were homogenized with 1 ml deionized water and centrifuged at 14,000 rpm for 30 min. Supernatant was collected, and thereafter was added Hg(SCN 4) (0.3 g in 95% ethanol) and NH 4Fe(SO4) ⅐ 12 H2O (30 g in 135 ml 6 N NO3) solutions for analysis. Cl Ϫ concentration was measured by the ferricyanide method with a double-beam spectrophotometer (model U-2000; Hitachi). Standard solutions of Na ϩ /Cl Ϫ measurements from Merck (Darmstadt, Germany) were used to make the standard curves.
Statistical analysis. Values are presented as means Ϯ SD and were compared using Student's t-test or one-way ANOVA (with Tukey's pairwise comparisons). In the inhibitor experiments, IC 50 values were computed by using the commercial software of Prism 5 (GraphPad Software, San Diego, CA).
RESULTS

Cloning, sequencing, phylogenetic analysis, and alignment of zNCC isoforms.
From the NCBI zebrafish database, four different NCCs (accession nos. NM_001045080, XM_001342852, NM_001045001, and XM_686141) were predicted and used as templates to design the PCR primers. The full-length cDNA sequence of one zNCC (zslc12a10.2, NCBI accession no. EF591989) was cloned. Only the partial sequences of the others (zslc12a3, zslc12a10.1, and zslc12a10.3) were cloned. zslc12a10.2 cDNA, containing the 5Ј untranslated region (UTR) and 3Ј UTR with poly(A) tail, has a 2,895-bp coding region.
Full-length sequences of the NCCs from different species were searched in the databases of the NCBI and Ensembl and used for the phylogenetic tree and alignment analysis. In Fig. 1 , the phylogenetic tree shows that there are four paralogs of NCC in zebrafish. One of them was classified as the ortholog of the mammalian NCC. On the other hand, due to tandem duplica- 
tions, the other three isoforms are located on the same chromosome (data not shown), and thus were named SLC12A10.1, SLC12A10.2, and SLC12A10. Figure S1 ) as in the previously-reported mammalian and winter flounder NCCs (10, 11) . Asn-403, the putative position of flNCC glycosylation site (11) , is conserved among all the NCC sequences (Supplemental Figure S1 ). mRNA expression patterns of NCC genes in different tissues and in embryos at different stages. mRNA expressions of NCC isoforms in different tissues of zebrafish were examined by RT-PCR with ␤-actin as the internal control. As shown in Fig.  2A, zslc12a10 .2 was specifically expressed in gills, zslc12a10.3 was primarily expressed in the kidneys and eyes and only scarcely in gills, while zslc12a10.1 was expressed ubiquitously in all tissues examined. On the other hand, zslc12a3, the only ortholog of the mammalian ncc, was expressed in most of the zebrafish tissues with the highest transcription level in the kidneys. Based on the predominant and specific expression in gills, zslc12a10.2 was identified as a gill-specific NCC isoform, and the subsequent experiments focused on this zNCC-like 2.
mRNA expressions of zncc-like 2 at different developmental stages of zebrafish embryos were examined by RT-PCR with ␤-actin as the internal control. Fig. 2B indicates that zslc12a10.2 began being expressed at 1 dpf, and the amounts increased from 5 dpf.
Whole mount in situ hybridization of zncc-like 2 mRNA in zebrafish embryos. As indicated in Fig. 3A , zncc-like 2 mRNA was expressed in regions of the brain in 1-dpf zebrafish embryos. Subsequent observations focused on the skin and gills, where most ionocytes are located. The zncc-like 2 mRNA signals were observed over the yolk sac of 2- (Fig. 3, B and E) and 3-dpf embryos (Fig. 3, C and F) , and the signals increased Fig. 1 . Phylogenetic analysis of the Na ϩ -Cl Ϫ cotransporter (NCC). Full-length amino acid sequences of NCCs from different species were used to construct a phylogenetic tree by the neighborjoining method with 1,000 bootstrap replicates. Percentages of bootstrapping branch corrections are shown beside the branches, and the ortholog's relationships of clades are labeled on the right side to indicate different subtree regions. The genome location is shown in brackets (if applicable). The GenBank accession nos. of the sequences used are as follows: human (h)SLC12A3, NP_000330; rat SLC12A3, P_55018; mouse (m)SLC12A3, NP_ 062288; chicken SLC12A3, XP_969047; zebrafish (z)SLC12A3, XM_001045080; trout SLC12A3, ABA42831; salmon SLC12A3, ABA42822; eel SLC12A3, CAD92102; medaka (ol)SLC12A3, ENSORLG00000000412; fugu SLC12A3, ENSTRUT00000023328; stickleback SLC12A3, ENSGACG00000002419; zSLCA10.2, EF591989; zSLCA10.3, XM_686141; eel NCC-like, CAD92104; zSLCA10.1, XM_001342852; tilapia NCClike, ACB12742; olNCC-like 1, ENSORLG00000020402; olNCC-like 2, ENSORLG00000018925; stickleback NCC-like 1, ENSGACG00000018955; stickleback NCC-like 2, ENSGACG00000018949; and fly NCC69, NP_996066. *Hypothetical protein predicted from other studies. in the yolk sac and extended to the branchial regions at 5 dpf (Fig. 3, D and G) .
Colocalization of zncc-like 2 mRNA with H ϩ -ATPase and Na ϩ -K ϩ -ATPase in zebrafish embryos. Zebrafish embryos at 5 dpf were used for double labeling with the zncc-like 2 RNA probe, and anti-H ϩ -ATPase (a marker for HR cells), and anti-Na ϩ -K ϩ -ATPase [a marker for Na ϩ -K ϩ -ATPase-rich (NaR) cells] antibodies to examine the specific cell types that express zncc-like 2. As shown in Fig. 4, A and B , the zncc-like 2 mRNA colocalized with neither HR cells nor NaR cells, indicating that the cell type expressing zncc-like 2 mRNA is a novel type of ionocyte that has never been reported in zebrafish before.
Effects of the NCC inhibitor metolazone on ion influxes in zebrafish embryos. The inhibitory effects of metolazone on Cl
Ϫ influx were examined with a 36 Cl Ϫ radioisotope tracer in 5-dpf zebrafish embryos incubated with 10 Ϫ6 -10 Ϫ9 M metolazone (in 0.1% DMSO). In this experiment, Cl Ϫ influxes in FW control and in 0.1% DMSO control (no inhibitor) embryos showed no significant differences (data not shown). In Fig. 5A Ϫ concentrations for 2 wk, and the environmental ion levels were found to obviously affect zncc-like 2 expression (Fig. 6) . In Fig. 6 , by comparing the data of high-Na/high-Cl and high-Na/low-Cl, the low-Cl environment was found to upregulate zncc-like 2 mRNA expression in zebrafish gills, to ϳ2.8-times higher than that in a high-Cl environment. On the other hand, by comparing the data of high-Na/low-Cl and low-Na/low-Cl, a high-Na environment was shown to cause upregulation of gill zncc-like 2 mRNA, to ϳ1.5-times that in the lower-Na environment (Fig. 6) .
Effects of zncc-like 2 MOs on ion influxes in zebrafish embryos.
Further experiments with knockdown of zncc-like 2 translation were conducted to certify whether the transporter is involved in Na with that of the control (275.8 Ϯ 17.7 pmol⅐embryo Ϫ1 ⅐h Ϫ1 ) injected with the control MO. Figure 7B shows that Na ϩ influxes of 5-dpf zebrafish morphants at 1.0, 2.5, and 5.0 ng/embryo were 114.9 Ϯ 3.0, 140.7 Ϯ 13.0, and 157.5 Ϯ 15.7 pmol⅐ embryo Ϫ1 ⅐h Ϫ1 , which also presents a dose-dependent pattern of enhancement compared with that of the controls (102.7 Ϯ 7.5 pmol⅐embryo Ϫ1 ⅐h
Ϫ1
) injected with the control MO. Effect of zncc-like 2 MOs on whole body ion contents in zebrafish embryos. Whole body ion contents in zebrafish embryos are the final results of ion net fluxes. Therefore, in this experiment, the whole body Na ϩ and Cl Ϫ contents in the zebrafish embryos injected with the zncc-like 2 MO at 1.0 ng/embryo were measured. As shown in Fig. 8A , the Cl Ϫ content in the 5-dpf zncc-like 2 morphants was significantly lower than that in wild-type embryos. On the contrary, the Na ϩ content in the 5-dpf zncc-like 2 morphants was significantly higher than that in wild-type embryos (Fig. 8B) .
Effects of zncc-like 2 MOs on Na
ϩ uptake-related ion transporters in zebrafish embryos. Real-time PCR was performed to examine the mRNA expressions of the Na ϩ uptake-related genes, znhe3b and zca15a, in 5-dpf zebrafish slc12a10.2 morphants. In Fig. 9A , znhe3b mRNA expression in 5-dpf morphants was found to be upregulated by ϳ2.4-times compared with the control, while zca15a mRNA was upregulated by about two times compared with the control (Fig. 9B) .
Effects of zncc-like 2 cRNA on defects caused by the zncclike 2 MO in embryos. The specificity and effectiveness of the zebrafish slc12a10.2 MO were confirmed by rescue experiments with zncc-like 2 cRNA. Compared with the 5-dpf zebrafish embryos injected with only H 2 O (wild-type) (Fig. 10A) , those injected with only cRNA (with GFP fusion) revealed signals of GFP translation (Fig. 10B) , confirming the translation of slc12a10.2 cRNA. On the other hand, embryos coinjected with the zncc-like 2 MO and cRNA (with GFP fusion) showed no green fluorescence (Fig. 10C) , indicating that the MO could specifically and effectively knockdown the translation of zncc-like 2 mRNA.
As indicated in Fig. 10D , Cl Ϫ influxes in controls and morphants (injected with 2.5 ng MO) were 369.9 Ϯ 45.2 and 227.7 Ϯ 53.8 pmol⅐embryo Ϫ1 ⅐h
Ϫ1
, respectively, while that in the embryos coinjected with the MO (25 ng) and cRNA (100 pg) was 319.3 Ϯ 36.3 pmol⅐embryo Ϫ1 ⅐h
, indicating a significant rescue of about 86%, compared with the controls (Fig. 10D) .
DISCUSSION
The present study had several major findings. One NCC ortholog (zslc12a3) and another three different NCC-like isoforms, zslc12a10.1, zslc12a10.2, and zslc12a10.3 (ZFIN IDs [si:dkey-114c3.1 to si:dkey-114c3.3]) were for the first time cloned from zebrafish. zslc12a10.2 (zncc-like 2) mRNA was specifically expressed in gills, slc12a10.3 mRNA was mainly expressed in the kidneys and eyes, while zebrafish slc12a3 and slc12a10.1 were expressed in most tissues. Double in situ hybridization and immunocytochemistry indicated that zncclike 2 mRNA was specifically localized in a novel group of ionocytes that differ from previously reported NaR cells (Na ϩ -K ϩ -ATPase as the marker) and HR cells (H ϩ -ATPase as the marker). Metolazone, an inhibitor of NCC, impaired both Na ϩ and Cl Ϫ influxes in 5-dpf zebrafish embryos in a dose-dependent pattern. Acclimation to a low-Cl environment caused upregulation of zncc-like 2 mRNA expression in zebrafish gills. Translational knockdown of zncc-like 2 with specific morpholinos impaired both Cl Ϫ influx and Cl Ϫ content in zebrafish embryos.
Full-length cDNA of zncc-like 2 and partial cDNAs of zslc12a10.3, zslc12a10.1, and zslc12a3 were cloned and sequenced from zebrafish. zNCC-like 2 showed about 50% identities to orthologs of other vertebrates at the amino acid level. Besides a short amino-terminal loop and a long carboxylterminal hydrophilic loop, the mammalian NCC was proposed to have a central hydrophobic domain that presumably forms 12 transmembrane-spanning segments (TM1-12) interconnected by six extracellular and five intracellular hydrophilic loops (11) . The deduced amino acid sequence of zNCC-like 2 also shares similar major structural features with the characters of the 12 transmembrane domains and the fourth extracellular loop for glycosylation (Supplemental Figure S1) . The phylogenetic analysis of the full-length amino acid sequences of NCC-related isoforms showed two main groups (Fig. 1) . Mammalian NCCs and their teleostean orthologs were clustered in the group of SLC12A3 (NCC) orthologs, which was named the conventional NCC clade by Hiroi et al. (17) . Hiroi et al. (17) named another group as the fish-specific NCC clade, but it was renamed the SLC12A10 (NCC-like) group from the point of view of vertebrate NCC evolution following Zebrafish Information Network (ZFIN; http://www.zfin.org) annotation suggestions. In the NCC-like clade, zSLC12A10.1 (zNCC-like 1), zSLC12A10.2 (zNCC-like 2), and zSLC12A10.3 (zNCC-like 3) were probably derived from tandem duplication events (1), and similar duplications were also found in medaka (Aphyocypris kikuchii) (olNCC-like 1 and olNCC-like 2) and stickleback (Gasterosteus aculeatus) (stickleback NCC-like 1 and stickleback NCC-like 2). In the NCC group, mammalian NCCs are mainly expressed in kidneys (10, 24) , and, similarly, the flounder NCC (flSLC12A3) is expressed in the urinary bladder (11) . Interestingly, the transcript of zslc12a10.3 (zncc-like 3) was also predominantly found in the kidneys (and eyes), although this isoform did not cluster in the NCC clade. It will be interesting and challenging to study the functional and regulatory differences between these two evolutionally separated homologs. On the other hand, zncc-like 2 was mainly expressed in gills, similar to the specific expression of tilapia NCC-like in tilapia gills (17, 21) . Taken together, zncc-like 2 may be a gill-specific isoform compared with the NCCs from mammals, and may differ from these counterparts in its ion transport functions.
RT-PCR analysis indicated that zncc-like 2 began to be expressed at 1 dpf and increased its expression level from 5 dpf. With in situ hybridization using a specific RNA probe, zncc-like 2 mRNA was found to specifically be expressed in a group of cells in embryonic skin from 2 dpf. Further doublelabeling experiments identified these NCC-expressing cells to be a novel type of ionocyte, which differs from previously reported ionocytes, NaR cells and HR cells (20, 26, 32) . Taking the present and previous studies together, in zebrafish skin/gills there are at least three types of ionocytes, NaR, HR, and NCC cells; and these distinct types of ionocytes begin to appear through terminal differentiation at about the same time, 1-2 dpf, when their respective functions, Ca 2ϩ uptake and H ϩ secretion, begin to increase (18, 19, 32) . It is of physiological significance that the ion transporters in skin ionocytes appear to begin expression and functioning at the same time to meet physiological requirements during zebrafish development. The mammalian NCC is specifically expressed in apical membranes of mammalian DCT cells, and has been proposed to be responsible for the function of Na ϩ /Cl Ϫ reabsorption into the cells (6, 7) . Recently, a tilapia ortholog of zNCC-like 2, tNCC-like, was reported to be expressed in apical membranes of the tilapia skin/gill epithelia with a specific homologous antibody (17, 21, 29) . In the Xenopus oocytes that overexpressed rat and winter flounder NCCs, the inhibitory effect of metolazone (an NCC-specific inhibitor) was examined in terms of Na ϩ influx (2) . In the present in vivo study, metolazone was found to inhibit both Na ϩ and Cl Ϫ influxes in 5-dpf zebrafish embryos, the skin ionocytes of which express zncc-like 2. The metolazone IC 50 values for Na ϩ /Cl Ϫ influx by zNCC-like 2 were 7.97 ϫ 10 Ϫ8 and 3.71 ϫ 10 Ϫ8 M, respectively, which are much lower than that (10 Ϫ5 -10 Ϫ7 M for Na ϩ ) in those NCCs overexpressed in oocytes (29) . zNCC-like 2 appears to have similar molecular functions as previously reported NCCs, but zNCC-like 2 is more sensitive to metolazone than the other NCCs. This difference in transport kinetics, however, may partially result from different experimental approaches, in vivo vs. in vitro. The Na ϩ /Cl Ϫ levels in the media for ion influx measurements in the in vitro studies (29) were 40 and 96 mM, much higher than those (0.4 and 0.7 mM) in the present study. Moreover, the data of the present in vivo experiment could not exclude the effects of metolazone on other isoforms, like zSLC12a10.1, which is also expressed in zebrafish gill at a much lower level (compared with zNCC-like 2, Fig. 2A ). On the other hand, the affinity-modifying residues for Cl Ϫ and thiazide were proved to be located within TM segments 1-7 and TM segments 8 -12 (30) , respectively; and a mutation at the residue glycine-264 (in TM4) with change to alanine (G264A) was reported to increase the affinities for extracellular Cl Ϫ and thiazide diuretics (31) . Accordingly, we compared some partial sequences of the predicted segments for binding substrates and inhibitors between hSLC12A3, zSLC12A3, and zSLC12A10.2. In the fragments of the residues 251-268 (TM3), 322-332 (TM5), and 627-637 (TM12) (Supplemental Figure S1 ), zSLC12A3 and hSLC12A3 share identity of 88%, 78%, and 72%, respectively, while zSLC12A10.2 (zNCC-like 2) showed only 50%, 50%, and 45%, respectively, with hSLC12A3. It will be challenging and interesting to study in the future whether the dramatic differences in those residues are associated with the much lower metolazone IC 50 of zNCClike 2 as described above.
The next question was to examine the physiological functions of zNCC-like 2 in skin ionocytes, i.e., whether it is involved in Na ϩ and/or Cl Ϫ transport in zebrafish gill/skin. Hiroi et al. (17) and Inokuchi et al. (21) localized the tNCClike isoform (an ortholog of zNCC-like 2) in a specific group of ionocytes in tilapia skin/gills, and found that the mRNA expression and number of the NCC-expressing ionocytes in yolk-sac membranes or gills increased following transfer from SW to FW or deionized FW (17, 21) , suggesting the possible involvement of tNCC-like in ion uptake mechanisms. They could not distinguish the roles of NCC-like between Cl Ϫ and Na ϩ uptake due to limitations of their experimental designs. Acclimation to a low-Cl environment, which was previously reported to cause stimulation in Cl Ϫ influx in tilapia (3, 4) , also induced upregulation of zncc-like 2 expression in zebrafish gills, implying a possible role in the zebrafish Cl Ϫ uptake mechanism. Subsequent MO knockdown experiments provided in vivo molecular physiological evidence to support this hypothesis. The zncc-like 2 MO specifically impaired zebrafish Cl Ϫ influx and Cl Ϫ content (the final result of the net uptake), suggesting that the operation of zNCC-like 2 results in a net uptake of Cl Ϫ in zebrafish. Na ϩ and Cl Ϫ uptake mechanisms were proposed to be operated by different and dependent pathways in FW fish gills (9, 20) , but interactions between these two pathways have been noted (5, 15) . In salmonids, manipulation of the alkalinity and acidity results in competition between MR cells and pavement cells on the gill epithelial surface and hence leads to changes in Cl Ϫ and Na ϩ influxes (15) . Similarly, acclimation to low-Na artificial FW was also reported to enhance Na ϩ influx but simultaneously suppressed apical-surface MR cells and their function, Cl Ϫ influx, in tilapia gills (5). Interestingly, low-Na FW causes a decrease in zncc-like 2 mRNA expression in zebrafish gills, and the zncc-like 2 MO induced stimulations in both Na ϩ influx and Na ϩ content (the final result of Na ϩ net uptake) of zebrafish. These results may have been due to the previously reported competition on the epithelial surface between the two types of ionocytes. In zebrafish, HR cells have been demonstrated to be the specific major ionocytes responsible for Na ϩ uptake (8, 18) based on serial studies with translational knockdown, Na ϩ -green fluorescent labeling, and other molecular physiological approaches (8, 18, 26) . HR cells and NCC cells differentiate from the same epidermal stem cells (19, 20, 22) and thus may compete on the epithelial surface for their respective ion transport functions. The zncc-like 2 MO suppressed the translation and function of zNCC-like 2, and thus allowed more space for the augmentation of HR cells and their function. This notion was supported by other evidence in the present study: injection of the zncc-like 2 MO caused stimulation of mRNA expressions of znhe3b and zca15a, which are the major players in the apical Na ϩ influx mechanisms of zebrafish HR cells (27, 41) . This further reinforces the proposed notion that zSLC12A10.2 in NCC cells may be mainly involved in Cl Ϫ uptake but may play only an indirect or minor role in Na ϩ uptake mechanisms in zebrafish. Taken altogether, zncc-like 2 is proposed to be involved in the Cl Ϫ uptake pathway in apical membranes of NCC cells in zebrafish skin/gills. What then is the driving force of zNCClike 2 to transport Na ϩ -Cl Ϫ from ambient FW across the apical membrane of skin/gills? The environment of the lumen of mammalian DCT has a Na ϩ concentration ranging from 35 to 77 mM (14) , and the basolateral Na ϩ -K ϩ -ATPase maintains low intracellular Na ϩ , providing a sufficient Na ϩ gradient to drive the operation of the apical NCC in DCT cells (35) . On the contrary, Na ϩ /Cl Ϫ levels of ambient FW (local tap water) of zebrafish are normally near 0.4 -0.7 mM, creating Na ϩ /Cl Ϫ gradients that do not appear to favor the operation of zNCClike 2 in apical membranes of NCC cells in zebrafish, and thus, this remains to be an open question. It will be a challenging and important issue to investigate whether there is any other primary transport pathway in the apical membrane to drive zNCC-like 2 or whether zNCC-like 2 is different from the mammalian ortholog, NCC, in transport kinetics or stoichiometry.
Perspectives and Significance
An NCC-like isoform, zebrafish ncc-like 2, was found to specifically be expressed by a group of ionocytes in zebrafish, and in vivo molecular physiological evidence demonstrated that the role of the transporter may be involved in the Cl Ϫ uptake mechanism in zebrafish skin/gills. NCC has been demonstrated to be responsible for the NaCl reabsorption in the mammalian kidney. Surprisingly, zNCC-like 2 appears to play an indirect or minor role in Na ϩ uptake mechanisms in zebrafish. It is evolutionally important to see whether this uniqueness holds in other fish species by conducting comparative studies. Moreover, the mechanism to drive the transporter in the apical membrane of ionocytes urgently deserves further exploration in the future.
